In recent years, wireless measurement and control units have become more popular for monitoring water distribution systems in the drinking water supply. Electric power supply for a higher number of devices through fixed connections to the public electrical grid is technically complex and requires large investments. Powering monitoring devices, which are installed in areas where electrical power supply is lacking, is difficult and considerably increases personnel and operational costs due to frequent battery changes. In such cases, harvesting energy from the water distribution systems or the environment would be an attractive option. In this work, an energy-self-sufficient system has been developed to solve these problems. The system transforms, by use of an energy harvester, the kinetic and hydraulic energy of water flow in a pipeline to electrical energy, stores this energy, and uses it via a micro-controller unit for measurements and wireless data transmission to a central server.
INTRODUCTION
To monitor and manage water distribution networks, hydraulic sensors are usually installed in the district inlet pipes to measure water flow and pressure (Khan et al. ) . The monitoring of flow rates is used to capture and evaluate the functionality of the water system, which results in a reduction of the response and repair times in case of leakage. This includes monitoring of the volumetric flows as a whole or in parts (measuring zones/District Metered Area (DMA)) (Kober ) . In order to minimize water loss, the International Water Association (IWA) suggests four basic methods of managing real losses (Active Leakage Control; Speed and Quality of Repairs; Pressure Management; Pipeline and Asset Management) (Lambert & Fantozzi ) .
This conventional 'water loss management' can be labor-and cost-intensive. Regular campaigns in the water supply districts are needed to detect an active leak. Nocturnal flow measurements are made at intervals of usually more than a few years. Furthermore, for leak detection purposes, acoustic loggers are used over several days to observe the pipes or fittings.
Some pilot projects showed that the continuous use of leak detection sensors (mostly acoustic sensors) and the demand actuated 'intelligent' control of the pressure can considerably reduce the loss compared to that achieved by conventional instruments (Oppinger & Baader ; Van Hemert ) . Since all the units for measuring, controlling, and regulating are electrically operated they require a continuous power supply, which limits extensive use of these devices. This problem cannot be resolved by a connection frequent replacement due to their limited life-cycle, and, in the context of a wireless sensor network, it may also result in substantial maintenance overhead. Furthermore, alternative supplies, such as by using photovoltaic cells or wind turbines in public or urban areas, are difficult to install and not reliable due to the risk of theft and vandalism. By using smart meters, the water loss through leaks can further be reduced and thus has further implication for energy consumption and treatment costs (Britton et al. ) .
Therefore, it is highly desirable to generate the electricity required for the measurement or control units directly from the ambient environment. Obtaining electrical energy from small energy sources directly available from the ambient environment is often referred to as 'energy harvesting'.
There are several recent studies focusing on renewable energy harvesting from the ambient environment, thus pro- and discussed the potential of using power harvesting techniques for monitoring water distribution networks and the work done in the area of monitoring water distribution systems using smart sensor networks. There are two types of energy harvesting sources that seem most applicable in water pipes: water flow and flow-induced vibration (Mohamed et al. ) .
In this study, we tested energy harvesting systems and evaluated their feasibility for application to water distribution systems. In addition, it was also investigated whether the hydraulic energy harvested directly from the pipeline is sufficient for the operation of measurement and control units.
MATERIALS AND METHODS

System design
The complete system consists of an energy harvester, appropriate coupling to the water distribution network, power management system, a control unit (ControlCom) at the field level (Field Unit), sensors, a telecommunication system with gateway, a Supervisory, Control and Data Acquisition (SCADA) system, and a user interface (Human Machine Interface (HMI)) (Figure 1) . A test track was designed and built to test and evaluate the harvester.
Selection and identification of an appropriate energy harvesting technology
Various possibilities have been considered for the so-called 'energy harvesting'. In this regard, the use of the temperature gradient is theoretically possible. However, the main limitation is the climatic and meteorological conditions Embedding a turbine directly into the main pipe of the water distribution system is not recommended because it might disturb the main supply cycle and there is the risk of the device falling off into the main pipe (Ye & Soga ) . Therefore, the WTG3250 was placed in a bypass pipe. In addition, a specially developed prototype was tested ( Figure 2 ). The harvester prototype consists of the propeller, a three-phase alternator and a carrier device for installation directly in the main pipe.
System requirements, computational fluid dynamics (CFD), installation of test track
To simulate the use of the harvesters in a real drinking water system, the conditions and operating parameters in water distribution networks need to be identified. In a literature review, appropriate boundary conditions were collected and taken into account for the construction of a test track.
The amount of energy that can be generated from flow in a pipe is a function of several parameters including efficiency of the power harvester in converting ambient energy to electrical energy, pressure, the pipe geometry, and flow and water velocity depending on consumption behavior. For the economical dimensioning of water supply pipelines, the flow demand and water velocity are crucial. The application of a flow simulation with CFD is particularly relevant to the bypass construction that includes the WTG3250. By using CFD, it was possible to demonstrate, at a model level, whether built-in components in the main pipe have an impact on the operating conditions in the system. The main task was to measure the current velocity and the pressure drops in response to changing flow rates and various fixtures. The fixtures in the main pipe were required to get sufficient flow in the bypass.
Power management -development of a power board
The development of a power management system was required to supply the field unit, the sensors, and the telecommunication unit with electrical power (generated by the energy harvester). The main function of the power management system was to regulate the supply voltage and to generate a constant voltage independent of source or load variations. Furthermore, the power consumption of the application devices needed to be minimized by power management so that maximum functionality, performance, and operation time could be achieved with the minimum 
Telecommunication, gateway, Internet
The exchange of data between units in the pipeline network and a server was implemented through a gateway concept.
This concept required at least two wireless transmission links, between the installed units in the pipeline network and the gateway and between the gateway and an access point to the Internet. The gateway was initially equipped with a WLAN module that was subsequently replaced after efficiency analysis by an Ethernet interface. The wireless communication, therefore, was converted to ZigBee.
The gateway was built on the same hardware platform as the ControlCom board. In addition to the ZigBee module, a LAN module to communicate with the server via the Internet supplemented the board.
SCADA and HMI
A simplified SCDA system was developed for the transfer of the measured data, their storage and also for evaluation and storage of system configurations. The ControlCom unit transmitted the data to a web server. The data were transferred via PHP script to a Structured Query Language (SQL) database system and stored therein. Only simplified interfaces were developed and used to provide access to the ControlCom unit and the database server. Direct 
RESULTS AND DISCUSSION
The frequency of the generator and the generated electrical power of the harvester depend on water velocity (almost linear), the harvester type and the test track configuration.
The flow studies and CFD showed that significant energy harvesting from the WTG3250 can be expected only with a significant reduction in the diameter of or by closing the main pipe. There was no flow in the bypass without some modifications in the main pipe. This was also verified by 
where
E kin ¼ kinetic energy; t ¼ time; η ¼ power generation efficiency of the turbine; m ¼ mass of the water; v t ¼ water velocity through the pipe; ρ ¼ water density; V ¼ volume;
Q ¼ flow rate in the pipe; A t ¼ internal cross-sectional area of the pipe; and r t ¼ radius of the pipe. Substituting Equation (2) into Equation (1), the power generation can be expressed as:
The water is considered to be incompressible; therefore, the principle of steady flow to a parallel can be applied. The bypass pipe is assumed to make no disturbance to the water 
where p 1 and p 2 are the pressure at point 1 (inlet point to the bypass pipe) and point 2 (outlet point to the bypass pipe); h 1 and h 2 are the height of the two systems (h 1 ¼ h 2 ). h L is the head loss and can be given as (Munson et al. ) :
where f ¼ friction factor; l ¼ length of the small pipe; r ¼ radius of the small pipe; fl=2r t ¼ main loss coefficient caused by the friction of the straight pipe; and K L ¼ secondary loss coefficients caused by other components in the pipe such as elbows, the entrance, and the exit. Since the power generation efficiency in Equation (1) is considered to include the loss caused by the micro-turbine, its loss is neglected (for the theoretical approach). As v 1 equals v 2 the energy equation can be simplified as:
Finally, the water velocity through the bypass can be simplified as:
With the help of the theoretical approach of Ye & Soga () and the measured values from experimental series, a comparison might be possible (Table 1 ). The WTG3250 can generate 500 mW at a flow rate of 0.1 L/s and with a typical pressure drop of 40 kPa.
The electric power generated for a certain operating time is sufficient for powering the ControlCom unit (Table 2 ).
The efficiencies of the energy harvester systems as a ratio of the electric output power to the hydraulic input power are shown in Table 3 . To determine the hydraulic input power, the system boundaries are set between pressure sensors p1 and p2 (as shown in Figure 5 ). The hydraulic input power can be expressed as:
P Δp ¼ hydraulic input power and Δp ¼ pressure difference caused by main losses, secondary losses and pressure drop of the energy harvester system.
The efficiency of the WTG3250 (12.42%) is in the range of other investigated harvesting technologies (5-40%). The very low efficiency of the harvester prototype (0.55%) is due to the fact that the flow resistance must be very low. Owing to the difficult installation conditions in the case of the bypass system, the investigations presented here were focused on the specially developed harvester prototype embedded directly in the main pipe.
The electrical power generated by the harvester prototype was 0 to 65 mW at water velocities from 0.1 to 1.6 m/s.
The generated power and frequency are shown in Figure 9 .
The energy demand of the ControlCom unit still needs to be optimized and the energy efficiency of the complete system must be increased respectively.
To determine the current consumption of the ControlCom board, the voltage was gripped with a 560 mΩ sense resistor. Thus, the electrical current flow over time was determined. By summation of the partial currents, the current consumption of the used ControlCom board could be determined with equation (Meyer ):
where I eff ¼ root-mean-square current; i ¼ summation index;
n ¼ number of equally spaced measurement intervals; and
Considering only the operation, the current demand is 23 mA, and the quiescent current is 1 mA. The power board can supply the ControlCom unit for 210 hours grids', as they are used in electrical power distribution networks, could be possible in the field of water supply.
